INTRODUCTION
The most ignored and often the most expensive part of a superconducting magnet installation is the magnet cryostat. Only a few papers have been written that describe the cryostat problem. 1 1 The user of superconducting dipoles and quadrupoles for accelerator experimental areas or synchrotrons requires that the cryostat problem be investigated from a systems viewpoint. The basic problem is to assure that a cryostat be made to perform all the functions required of it and still be made as economically as possible. It is quite obvious that there are no pat answers to this problem, but it is also obvious that present laboratorytechniques are both inadequate and expensive for large-scale use of superconducting dipoles and quadrupoles.
A magnet cryostat performs only two primary functions. The first is to insulate the cold helium (I avoid the words 'liquid helium, " because that makes an assumption which in some cases is not valid) from the room-temperature environment. The second is to support the magnet rigidly against a variety of forces that can exist between the room -tempe ratur e and cold environments.
The forces that must be considered include not only magnet and electrical forces but also gravitational force.
The method used to refrigerate the magnet is intimately involved with a design of a magnet cryostat. Refrigeration of superconduction magnets is therefore treated here (and in other papers). The characteristics of materials used to build and insulate cryostats are discussed.
The cost of a dipole or quadrupole cryostat is influenced by the geometric shape of the cryostat; the number and type of cold and warm joints; the number and size of connections with -2-the outside world; the type of support system G. e., tension or compression rods), which is influenced by the magnitude and direction of the forces as well as by the geometric constraints of the system; the inclusion of intermediate -temperature shields and support points; and whether the magnet has a warm or cold bore I stated in the first paragraph that there are no pat solutions to the cryostat problem.
However, reasonable solutions can be found for a number of the major types of superconducting dipole and 4uadrupole systems.
Recommendations are therefore presented for 
REFRIGERATION OF SUPERCONDUCTING MAGNETS
The refrigeration of large systems of superconducting magnets has been discussed 4-7 in a number of papers.
There are four primary methods of providing refrigeration for superconducting magnets. They include It is my opinion that the first and fourth methods will not be used in large-scale superconducting dipoles and quadrupoles. It is quite possible that superfluid refrigeration will be used on superconducting magnets that are to be in or near a superconducting linear accelerator, or on magnets that need the low temperatures and exceptional heat-transfer properties of helium II. Both the first and the fourth methods of refrigeration suffer from the fact that they cost several times as much per watt in both capital and operating cost (see Table I ). -Both methods of refrigeration require complicated (therefore expensive) cryostats in order to bring the heat load down to a tolerably low level.
It is my belief that conventional refrigeration and supercritical (gas cooling) refrigera- Supercritical helium refrigeration is attractive when used in the following ways:
In large superconducting magnets, in which high current-densities are not needed and in which hollow superconductor can be used without difficulty. 8,10
In special magnets, such as thin septa instead of 4.5° K. In any event it must be assumed that large systems of superconducting dipoles and quadrupoles will be operated on refrigerator, not on liquid with warm gas return.
When one discusses refrigeration for superconducting magnets one must understand the effect of gas flow through shields and leads.
In general the flow of I liquid liter per hour of gas (25 SCFH, or 0.708 m 3 /hr at STP) through leads or shields being returned to the system at room temperature is equivalent to 3 to 4 watts of refrigeration. A cylindrical-geometry inner vessel with a small number of relatively small necks prob-.
ably is least expensive. Adequate room should be provided for insulation and long supports.
Breakable cold joints and seals should be minimized. Welded joints probably are cheapest if the magnet is not to be removed. Adequate space in the inner can should be provided for leads and the refrigeration J-T valve when -5- Table II . Heat flow through various insulation systems (Refs. 14, 15).
•1 a. The superinsulation values are an order-of-magnitude estimate which can be used for estimating insulation requirements for magnet cryostats.
conventional refrigeration is to be used. The inner vessel should be capable of withstanding 60 to 100 psig when conventional refrigeration is used; the tubes carrying supercritical helium should have an operating pressure rating of 300 psi.
Insulation
Several insulation systems are commonly used in cryogenic vessels today. The best of these systems is the vacuum superinsulation 14, 15 system (see Table II Table  14 ,17 III.
The type of material to be used and its length are functions of the type of loading to be encountered and whether or not intermediate shields are to be used. There is no large iron mass to be cooled down.
The area and weight of the cryostat is minimized.
There is no iron hysteresis loss at helium temperatures for a pulsed magnet system.
The use of unsaturated iron at helium temperature has some important advantages which are often overlooked.
-7- All-metal construction is probable except for the supports (metal components should all be nonmagnetic; it should be noted that some nonrnagnetic stainless steels become slightly magnetized when strained at cryogenic temperatures).
Warm-bore construction is always indicd.
If the magnet has iron shields they will be at room temperature.
Epoxy glass or titantium tension-or compression-rod support system will probably be most satisfactory.
-10- The estimated cost for a Bevatron-type Dewar should be $10 000 to $15 000 per meter. 15
Design improvements and mass-production techniques could reduce this price by as much as a factor of 2.
NAL-Type Beam-Transport Magnet Dewar
A dipole or quadrupole cryostat designed for use in a high energy accelerator, such as the NAL machine, has the following characteristics.
The aperture of the magnet is relatively small, 2 to 4 in. (5 to 10 cm).
The ratio of magnet cryostat length to aperture is large, from 10 to 50.
Magnetic field changes are slow, so ac loss and eddy currents are not a problem.
Low-field excitation is more probable than in the Bevatron type Dewar.
Radiation is much more likely to be a problem because of higher beam intensities and energies.
The magnet duty factor is low, but not so low as for lower-energy machines. The magnet position will not be permanent.
Iron shielding will probably be required.
Refrigeration either by conventional or supercritical means will be mandatory, for economic reasons.
The number of magnets and cryostats is likely to be large.
The refrigerator will be required to overcome heat leaks through the insulation and supports as well as the effects of gas flowing.
through magnet leads. The surface area per unit length of this type of Dewar can be expected to be about half that for Bevatron-type Dewar.
A warm-bore tube is probably justified economically except for special magnets. The support system should be capable of supporting forces of a couple of tons in any direction unless the iron is at helium temperatures. The refrigeration required for gas-cooling the leads will be a dominant part of the required refrigeration in most cases.
A minimum-cost NAL-type dipole or quadrupole Dewar will have many of the following design parameters.
Nonmagnetic metals can and will be used throughout the Dewar.
The magnets will be warm-bore, except when the magnets have small bores and are long and the bore can be evacuated..
There are a number of Strong incentives for the iron to be at helium temperature (unsaturated) . This is reasonable because of the small magnet aperture, hence small iron dimensions.
A simple gravitational or low-force tension-rod system can be used if the iron is cold.
Multilayer insulation with no intermediate-temperature shields is economically justified in nearly all cases.
The lead current chosen will be a function of magnet winding cost, refrigeration cost, and power-supply cost. One should look at the whole system before deciding.
The use of supercritical refrigeration appears to be both possible and economical if low-ac-loss intrinsically stable supe rconductors are used to make the magnet.
-i3-
I
A cryostat for use on NAL-type dipoles and quadrupoles should be simpler and less expensive than a Bevatron.-type cryostat.
Cost of $4000 to $6 000 per meter for massproduced Dewars does not seem unreasonable.
Superconducting Synchrotron Dewars
A cryostat for a high-energy superconducting synchrotron will have the following characteristics: (a)
The aperature is small, 3 to 4 in. (7 to 10cm),
The ratio of magnet length to aperture is 5 to 10 for the quadrupoles and 25 to 50 for the dipoles.
There are strong technical and economic reasons for having a cold bore.
Various types of ac losses are the dominant refrigeration load.
Iron shielding is required for both economic and technical reasons,, Large refrigerators will be used to supply refrigeration.
The magnet duty factor is high and the magnet installation is permanent.
The magnet will be required to provide a good-quality field over the whole useful aperture at rather low excitation (during injection).
The number of identical magnets and cryostats will be large.
Radiation effects will play a role in determining c ryo stat design parameters.
Heat leaks through the insulation, support system, and bore tube wiIl'<be at least an order of magnitude lower than the ac losses. Leads for many of the Dewars will be superconducting even though they carry large currents. Gascooled leads will be brought out in only few Superconducting leads from magnet to magnet will have to be developed. Gas-cooled leads should be required only for some magnet cryostats.
The cryostat outer vessel can probably be a cylinder with only a few access ports.
A cryostat for a superconducting synchrotron should be the utmbt in simplicity. A reserve liquid volume (stored refrigeration) is unnecessary, hence it can be eliminated.
Therefore the refrigeration system should be capable of handling all the energy of a magnet quench. Synchrotron cryostats would also be mass produced. The result is an inexpensive cryostat which we currently would estimate to cost $1 000 to $2 000 per meter. 
